Underwater sound isolation has been a long-standing fundamental issue in industry and military fields. Starting from a simple theoretical model, here an air-sealed metasurface is proposed to overcome this problem. Comparing with the sample without filling air, the effective impedance of the air-sealed one is greatly reduced and strikingly mismatch with water, accompanying another merit of low sound speed.
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Traditional sound isolators are made of natural homogeneous materials, and their performance depends on the impedance contrast with the background media. It is well-known that the airborne sound can be easily isolated by a general solid slab, even for the wavelength much bigger than the slab thickness. The strong reflection stems from the extreme impedance mismatch between solid and air (a ratio usually in the order of 10 3~1 0 4 ). Comparing with the airborne sound, a deep isolation of the underwater sound is much more difficult since a natural solid is no longer acoustically hard enough. For example, the impedance ratio between steel and water is ~30, which leads to a minimal power transmission ~0.5% even for a thick enough steel plate.
In recent decades, a variety of artificially structured materials, from bulk to flat ones, have been proposed to suppress the transmission of sound. The early representatives, phononic crystals, [1] [2] [3] [4] are engineered with frequency gaps to forbid the sound propagation inside them. The band gap occurs in a wavelength scale comparable with the structural period, and thus an efficient sound isolation requires a sample thickness of several wavelengths. The frequency gap could be greatly lowered by the development of acoustic metamaterials, [5] [6] [7] [8] which is produced by local resonance of the deep subwavelength building blocks. However, the applications of such bulk artificial media are often limited by the issues of bandwidth and fabrication.
Recently, flat artificial structures are attracting extensive interest, because of their unusual capabilities in sound manipulations, e.g., superabsorption [9] [10] [11] and wavefront reshaping [12] [13] [14] [15] [16] by various acoustic metasurfaces. For airborne sound, excellent sound-proof properties [17] [18] [19] [20] have been demonstrated by single or few layer structures designed by membranes or coiling scatterers. For waterborne sound, abnormal reflection enhancements, arising from local or collective resonances, have also been observed in grating structures. [21] [22] [23] [24] [25] However, the performance is limited by narrow band and unsatisfactory efficiency.
Based on a simple metasurface design, here we propose a highly efficient sound shield for water environment. The acoustic metasurface is fabricated by filling air bubbles in the apertures of a stiff grating. This reduces the impedance of the whole system into a level of air and thus forms a huge impedance ratio (~10 3 ) to water. Also, In the left panel of Fig. 1(a) , we present a schematic illustration for the sound shield under consideration, which consists of a rigid plate (thickness h) perforated with a square array (lattice constant a) of circular holes (radii r). It has been proved that, [26] [27] [28] when the wavelength is much larger than the structural period, such a grating behaves effectively as a strongly anisotropic fluid slab of thickness h [right panel in 1 u  . Besides, the effective sound speed penetrating the hybrid structure depends on the air filler in the holes, of which the sound speed is much slower than water. This gives another important merit, i.e., shrinking the sample thickness of the device.
Note that the physics mechanism behind the sound-proof is much different from the system consisting of freely distributed bubble clusters in water, 29, 30 where the local resonances of air bubbles contribute to the excellent screening effect in the low frequency. Recently, a similar idea is also used to realize the so-called (air). In this structure geometry, the impedance ratio r Z can be estimated as high as ~960 for the air-filled system. As observed in Fig. 1(b) , as a whole, both the
theoretical prediction and the full-wave simulation demonstrate a much lower transmission for the air-filled system, except for the frequency in the vicinity of the sharp peak. In addition to the periodical peaks originated from the FP resonance (with 2 1 u  ), asymmetric Fano-like peaks arising from certain intrinsic hole modes also emerge in the high frequency region, as exemplified in Fig. 1(c) . These resonances are less frequently observed for the system without filling air, since the wavelength in water is much longer than that in air. It is worth pointing out that, here the excellent sound isolation persists even for the wavelength (in water) comparable with the lattice constant, although our model starts from the effective medium theory. Now we experimentally check the performance of the sound isolation for the above metasurface of square lattice. The distances from the transducers (aligned collinearly with each other) to the sample are both 15cm , which are far enough to obtain an approximate planar wavefront. The entire assembly is immersed in a big water tank. The power transmission is obtained through the well-known ultrasonic transmission technique.
In Fig. 3(a) we present the power transmission measured at normal incidence. As anticipated, the sound transmission through the sample immersed directly in water is considerably high as a whole, associated with a minimal power transmission ~0.1.
Once air is sealed in the holes, the transmission is strikingly suppressed in the full spectrum. The sharp peaks predicted in Fig. 1(b) are not captured by the frequency from the resonances because of the nearly perfect reflection. It is worth pointing out that, the broadband deep sound isolation will be kept for a wide range of incident angles, considering the fact that the impedance ratio changes simply by a factor of 1/ cos in Eq. (1), 28 where  is the incident angle measured from the normal of the sample. This is confirmed in Fig. 3 As mentioned in our theoretical model, the excellent sound isolation stems from the great mismatch between the impedances of the effective medium and water.
Therefore, the phenomenon depends weakly on the structure lattice, and even remains for a sample with randomly distributed holes. This property will be beneficial in fabricating real samples. To exemplify this character, we consider a sample made of a steel plate (of thickness 0.6 h mm  ) perforated with a two-dimensional eightfold quasiperiodic array of subwavelength holes ( 0.25 r mm  ). As depicted in Fig. 4(a) , the lattice is generated by a dual grid method, where the two basic units (i.e. the square and the rhombus of vertex angle 45º ) are featured by the side length 3 d mm 
. Figure   4 (b) shows the transmission spectra for the samples incident at different angles.
Comparing with the result for the water-filled sample, the power transmission through the air-sealed one is deeply suppressed again, despite of the deep subwavelength thickness of the metasurface sample (~1/5 wavelength in water even at the highest frequency under consideration). Note that the transmission peak centered at 0.287 MHz corresponds to the first FP resonance in the air disk, which is incidence insensitive due to the effectively strong anisotropy of the air-filled sample. Different from the case in Fig. 3 (with sample thickness 3.1 h mm  ), here the FP peak is clearly observed since it is much broader for this thinner sample ( 0.6 h mm  ).
In conclusion, we have proposed a metasurface approach to achieve highly efficient sound isolation in water environment. The sample is simply fabricated by a stiff grating sealed with gas in the apertures. A broadband deep suppression of the 
